Objective: Alpha-ketoglutarate (α-KG) is a cellular intermediary metabolite of Krebs cycle, involved in energy metabolism, amino acid synthesis, and nitrogen transport. It is available over-the-counter and marketed as a nutritional supplement. There is a growing body of evidence to suggest that dietary α-KG has the potential to maintain cellular redox status and thus can protect various oxidative stress induced disease states. The aim of the present study was to investigate the hepatoprotective role of α-KG in acetaminophen (APAP) induced toxicity in rats. Materials and Methods: Animals were divided into three groups of six animals each. Group I (Vehicle control): Normal Saline, Group II (APAP): A single intraperitoneal injection of 0.6 g/kg, Group III (APAP + α-KG): APAP as in Group II with α-KG treatment at a dose of 2 g/kg, orally for 5 days. Then the levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) with oxidative stress markers including malondialdehyde (MDA), reduced glutathione (GSH), superoxide dismutase (SOD), catalase (CAT), and histopathology were analyzed. Results: The results indicate that APAP caused significant elevations in ALT, AST, ALP, and MDA levels, while GSH, SOD, and CAT were significantly depleted while co-administration of α-KG showed a significant (P < 0.05) reduction in the severity of these damages. Histologically, the liver showed inflammation and necrosis after APAP treatment, which were significantly restored with co-administration of α-KG. Conclusion: These results indicate the possible therapeutic potential of α-KG in protecting liver damage by APAP in rats.
A cetaminophen (N-acetyl-p-aminophenol; APAP), commonly known as Paracetamol, is one of the most successful analgesic and antipyretic drug. As an OTC drug, it can be readily obtained without prescription. Within recommended dosages (4 g/day), APAP is considered to be a safe drug whereas a dose greater than this can lead to severe liver damage. [1] APAP-induced hepatotoxicity results from saturation of normal metabolic pathways, cytochrome P-450, which leads to the formation of reactive metabolite, N-acetyl-p-benzoquinone imine (NAPQI). NAPQI depletes natural antioxidant such as reduced intracellular glutathione (GSH) and enhanced lipid peroxidation (LPO) which results in cellular oxidative stress. [2] Alpha-ketoglutarate (α-KG), a citric acid cycle intermediate metabolite and precursor to glutamine which in turn is a precursor to GSH, has been marketed as nutritional supplement since a long time. [3] In vitro and in vivo studies have shown that exogenously administered α-KG has the potential to improve redox homeostasis and can protect cell from oxidative stress caused by free radicals. [4] The experimental findings suggest that exogenous α-KG may have the potential to prevent various oxidative stress induced diseased liver states. This study was therefore taken up to assess the protective role of α-KG in APAP-induced hepatotoxicity in an established rat model.
Therapeutic potential of alpha-ketoglutarate against acetaminophen-induced hepatotoxicity in rats

Materials and Methods
Chemicals and reagents
Disodium α-KG was purchased from Fluka Chemika, Buchs, Switzerland and APAP was purchased from Lambert Pvt. Ltd., India. All other chemicals were of analytical grade. 
Experimental animals
Acetaminophen-induced hepatotoxicity
Animals were divided into three groups of 6 animals each. Group I (vehicle control): Normal saline, Group II (APAP): a single intraperitoneal injection of 0.6 g/kg, Group III (APAP+ α-KG): APAP as in Group II with α-KG treatment at a dose of 2 g/kg, orally for 5 days. The doses for α-KG and APAP were selected on the basis of previous works reported in the literature from our laboratory and elsewhere. [5, 6] The animals were sacrificed after 24 h of the treatment period using diethyl ether. Blood and liver tissue samples were collected. Serum was separated by centrifugation at 3000 rpm for 10 min for liver profile test.
Measurement of liver function test and antioxidant activities
Intracellular enzymes -alanine aminotransferase (ALT), aspartate aminotransferase (AST), and ALP were determined using commercially available kits.
The homogenate of frozen liver tissue (stored at −80°C) was used for evaluating antioxidant activities. LPO, superoxide dismutase (SOD) activity, GSH, catalase (CAT), and protein content were determined by the method of Mihara and Uchiyama, [7] Robak and Gryglewski, [8] Ellman, [9] Sinha, [10] and Lowry et al. [11] respectively.
Statistical analysis
The statistical significance was determined using one-way analysis of variance. Statistical significance value was set at P < 0.05.
Results
Effect of alpha-ketoglutarate on acetaminophen-induced hepatotoxicity
Results on hepatoprotective effect of α-KG against APAP-induced liver damage in rats are shown in Figure 1 . The effect on antioxidant status (levels of GSH, CAT, SOD, and malondialdehyde (MDA) in liver tissues) against APAP-induced hepatotoxicity is shown in Figures 2-5 . Histopathology of control Figure 1 : Effect of alpha-ketoglutarate on liver function status against acetaminophen-induced toxicity in rats *P < 0.001, when compared to control, **P < 0.05, when compared to acetaminophen group Figure 2 : Effect of alpha-ketoglutarate on superoxide dismutase (50% inhibition of nitroblue tetrazolium reaction/min/mg protein) in acetaminophen-induced liver damage in rats. Mean ± standard deviation; n = 6, *P < 0.05, when compared to control, **P < 0.05, when compared to acetaminophen group Figure 3 : Effect of alpha-ketoglutarate on malondialdehyde in acetaminophen-induced liver damage in rats. Mean ± standard deviation; n = 6, *P < 0.05, when compared to control, **P < 0.05, when compared to acetaminophen group group shows normal hepatic cells while in APAP-treated animals the section of liver biopsy showed encapsulated hepatic tissues comprising of cords of hepatocytes, portal tract and part of central vein. Supplementation of α-KG significantly reversed the adverse effects of APAP as shown by regenerating hepatocytes and milder inflammation in the portal area [ Figure 6 ].
Discussion
APAP is a widely used nonprescription analgesic and anti-pyretic medication for mild to moderate pain and fever. When APAP is taken in at toxic doses, large proportions of NAPQI are generated, which are highly reactive and toxic electrophilic intermediate metabolites. [12] Presence of excessive NAPQI leads to substantial depletion of intracellular GSH, resulting in mitochondrial dysfunction and hepatocellular death. [13] In addition, NAPQI can increase the formation of reactive oxygen species and reactive nitrogen species, which leads to LPO and depletion of the antioxidant enzymes (SOD, CAT, and GSH). [14] Oral administration of α-KG prevented hepatotoxic effects of APAP by restoring the activities of antioxidant enzymes (SOD, CAT) and significantly preserving the levels of reduced GSH. This can be attributed to the documented observations that exogenous α-KG can scavenge free radicals, restore, or enhance intracellular GSH pools and chelate pro-oxidants such as iron and phosphate. [15, 16] Moreover, being a natural ubiquitous collector of amino (-NH 2 ) groups, α-KG detoxifies toxicants such as ammonia by converting them to glutamic acid, as ammonia by itself is known to inhibit antioxidant enzymes by activating NMDA receptors [17] and by its participation in the nonenzymatic (NADPH-independent) oxidative decarboxylation of hydrogen peroxide decomposition. [18] Thus α-KG by stabilizing cellular redox status has the potential to ameliorate APAP-induced hepatotoxicity. Our results corroborate with earlier findings wherein exogenous α-KG was shown to inhibit hydrogen peroxide-induced oxidative stress in human erythrocytes and cultured neurons. [19, 20] In this study, APAP-induced significant LPO in rat liver, as confirmed by significantly raised MDA levels, which were suppressed after supplementation of α-KG. Besides replenishing the intracellular GSH pool, another important function of α-KG consists of the formation of carnitine [21] which leads to physiological normalization of fat metabolism offering protection against LPO. Our results are supported from previous investigations on the effect of α-KG on MDA levels, where it was observed that α-KG prevented LPO in rat livers when they were exposed to alcohol [4] or sodium valproate. [22] The elevated levels of serum liver enzymes (ALT, AST, and ALP) are indicative of cellular leakages and loss of functional integrity of hepatocytes, which were seen in APAP hepatotoxic group. Treatment with α-KG efficiently prevented these elevations. Histopathological studies were confirmatory to the biochemical findings and showed reduction in degree of necrosis in rats supplemented with α-KG along with APAP, showing the beneficial effect of α-KG in maintaining the hepatocytes integrity and metabolic function. Effect of alpha-ketoglutarate on reduced glutathione in acetaminophen-induced liver damage in rats. Mean ± standard deviation; n = 6, *P < 0.05, when compared to control, **P < 0.05, when compared to acetaminophen group Figure 5 : Effect alpha-ketoglutarate on catalase in acetaminophen induced liver damage in rats. Mean ± standard deviation; n = 6, *P < 0.05, when compared to control, **P < 0.05, when compared to acetaminophen group 
Conclusion
The present study reported the hepatoprotective effects of α-KG due to its redox state stabilizing potential. Treatment with α-KG ameliorated APAP induced hepatotoxicity. Thus α-KG could be a potential therapeutic agent in treating various oxidative stress mediated diseased liver states.
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